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Abstract

Thermogravimetry, the study of mass loss as a function of temperature, has been used for
oxidation, decomposition, and solid-state studies. This research used a thermogravimetric
analyzer (TGA) coupled with Fourier transform infrared (FT-IR) spectroscopy in the study of
copper and iron specimens exposed to malathion. Exposure to the malathion solution created a
visible silver coating on copper and graphite-flake particles on iron specimens.
Thermogravimetric mass loss curves revealed linear and nonlinear decomposition stages
associated with mass loss reactions. Copper specimens exposed to malathion exhibited lower
activation energy (E.) values (2.28 to 4.40 kJ mol™) than for copper specimens exposed to
deionized water (10.42 and 12.87 kI mol™).  Iron specimens exposed to malathion show lower E,
values (1.54 and 1.28 kJ mol™) than for iron specimens exposed to deionized water (3.30 and 6.40
kJ mol™). These results suggest association between malathion and lowered activation energies
across all sample specimens. The FT-IR results indicate that specimens exposed to malathion
may produce hydrogen sulfide. This research is the first to the author’s knowledge to use TGA
and FT-IR to test malathion adherence to metal surfaces. These results have application in water

distribution piping analysis.
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THE FATE OF MALATHION ON COPPER AND IRON PIPING

WITHIN A WATER DISTRIBUTION SYSTEM

l. Introduction

1.1 Background

Recently, America experienced catastrophic terrorist attacks within its boundaries. The
infamous attacks of September 11th, 2001, which impelled America’s involvement into the Global
War on Terrorism, were the most significant. However a more recent story, Assault on California
Power Station Raises Alarm on Potential for Terrorism, shows heightened concern. Smith
(2014) explains the sniper attack associated with damaging the power distribution substation.
She expresses the concern of the populace with the volunerability of high value infrastructure
targets. The Chairman of the Federal Energy Regulatory Commission, John Wellinghoff, had
this to say about the U.S. attack, “it was the most significant incident of domestic terrorism
involving the grid that has ever occurred” (Smith, 2014). These recent attacks incite collective
thought about the future of America’s national security. If the enemy can penetrate and harm
American national interests using primitive tactical means, what prevents it from choosing fewer
direct means, possibly infecting water systems, to reach the same solution of mass catastrophe?
Part of the preventive solution is a component of increased Environmental Protection Agency
National Security responsibilities. Homeland Security Presidential Directive 7 explicitly
provides information towards preventing and eliminating catastrophic terrorist attacks on critical
infrastructure. One of the components includes protection of America’s domestic water and
waste water systems (U.S. Department of Homeland Security, 2012). Protecting the nation’s

160,000 public sources from intentional and unintentional chemical contamination is integral to
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homeland security and public health (Gallardo, et al., 2012; U.S. Environmental Protection
Agency, 2014). The degradation of public health has the potential to result in social and
economic harm to the American populace; therefore, all precautions must be taken to prevent it.
1.2 Problem Statement

In 2008 and 2012 a study and report explaining water contamination methods of analysis
were completed. The National Institute of Standards and Testing (NIST) contracted
ChemImage™ to perform a NIST contamination study detailing the use of ultraviolet
illumination. Gallardo et al. (2012) show the characteristics of chemical residuals left on five
piping materials with the use of mercuric chloride and strychnine. The piping material used was
copper, polyvinyl chloride (PVC), brass, iron, and rubber. The analysis of the report revealed
data towards understanding of the relationships between the mercuric chloride and strychnine
contaminants. However, chemical and equipment sensitivity limitations precluded further
understanding of the properties. Therefore, the EPA Homeland Security Research Program
prepared a 2012 detailed report for NIST outlining five water contamination analysis methods.
These methods include the bench scale test, dynamic fluid, and surface interface measurements,
screening tests, water heater tests and full-scale dynamic tests. However, the results were
inconclusive (Gallardo, et al., 2012). Furthermore, the two studies and reports did not yield
promising methodological results towards chemical characterization and classification.

The need to close the research gap on definitive methods for chemical characterization
and classification prompted the EPA to consider other possibilities. The EPA decided on
pursing a more definitive way to study the chemical effects on water distribution piping
materials. Thermogravimetry in conjunction with its coupling methods is a well-established

method used in oxidation-degradation, decomposition, and solid-state studies (Dodd & Tonge,
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1987). Thermogravimetry or the study of mass loss as a function of temperature has application
in biological, polymers and plastics, explosive, inorganic compounds as well as metal and alloy
research (Dodd & Tonge, 1987). There are numerous application studies that show
thermogravimetry in conjunction with other instrumentation methods such as Fourier transform
infrared spectroscopy or gas chromatography to be definitive methods for the decomposition and
degradation exothermic reactions.

The investigative issue that the proceeding research will define and scientifically clarify
is the reliability of thermogravimetry and its coupling methods as applied to the analysis of
virgin piping material and malathion. The research will determine if there is evidence of the
malathion solution adhering to the piping material. It will also determine whether the
instrumentation is definitive in quantifying or qualifying the existence of the chemical on the
surface of the copper and iron virgin piping material.

1.2.1 Research Justification.

The area of water contamination requires additional research, particularly in regard to the
susceptibility of America’s drinking water systems (U.S. Environmental Protection Agency,
2014). There is a national interest in understanding the effects of toxic chemicals on materials
typical of water infrastructure technology. Additionally, this interest presents a need to devise
new decontamination procedures and analysis methods consistent with the contaminate nature.
Considerably, this research studying chemical adherence to metals is expected to be the first use of
the coupling technique utilizing the thermogravimetric analyzer, the Fourier transform infrared
spectrometer, and gas chromatograph. The research is anticipated to produce very promising

results; successful research will provide a greater understanding of contaminate to piping material
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adherence. The study may provide the blueprint and further insight into efforts relative to
drinking water security as well as promote the broader national security goals.
1.3 Research Scope

The scope of this research is limited to experiments carried out with residue free virgin
piping materials exposed to the malathion solution. Malathion solution has been used as a
surrogate chemical resembling more potent organophosphorus chemicals (Boyd et al., 2006;
Walker, 2009; Gervais, Luukinen, Buhl, & Stone, 2009). This research focuses only on the
determination and analysis of activation energies using thermogravimetric mass loss profiles, as
well as the determination of evolution gasses using Fourier transform infrared spectroscopy. The
tasks associated with this research were performed using copper and iron piping materials.
Chemical identification was performed using chemical libraries contained in the Fourier transform
infrared spectrometer data bank. Data results are expected to be consistent with the adherence of
malathion to virgin pipe materials.

1.3.1 Standards

The Public Health and Security and Bioterrorism Preparedness and Response Act of 2002
require all community sectors to perform water protection duties (EPA, 2012). Communities are
required to implement periodic water vulnerability assessments, which must be validated by and
environmental protection agency administrator. The Bioterrorism Preparedness Act also requires
the environmental protection agency to perform strategy development for utility company
consideration. The governmental statute promulgates the need for efficient methods to determine
a chemical presence on water infrastructure materials as well as chemical decontamination

procedures (EPA, 2012).
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The Occupational Health Act of 1970 established the National Institute of Occupational
Safety and Health (NIOSH) in conjunction with the Occupational Safety and Health
Administration (CDC, 2013). Much like the Occupational Safety Health Administration, NIOSH
is responsible for ensuring employee safety through knowledge-based research efforts. The
NIOSH develops more than 9000 analytical material testing methods for hygiene analyzes
applications (CDC, 2014). The NIOSH methods provide boundary for procedural testing of

chemicals throughout the study and may allude to a greater understanding of research.
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1. Literature Review

2.1 Malathion

Malathion, chemical formula C1oH1906PS; is a clear and pungent odored organophosphate
with many physical and chemical characteristics. According to the National Pesticide
Information Center (NPI1C) malathion has a water solubility of 145 milligrams per liter of water
and a molecular weight of 330.56 moles (National Pesticide Information Center, undated).
Malathion is known to persist in a water body for approximately 1.5 days in basic conditions [i.e.
pH 8.16] and up to 17 days in low acidic conditions [i.e. pH 6.0] (Gervais, Luukinen, Buhl, &
Stone, 2009). Malathion exhibits little persistence in soils because of animal and microorganism
anaerobic metabolism (Walker, 2009). Malathion exhibits many characteristics that may reveal
information about its ability to absorb to copper and iron sorbents resembling water infrastructure
distribution networks.

2.1.1 Malathion Degradation Products

Malathion decomposes into by-products during exposure to differing external
environments. Aqueous pH affects the degradation of the malathion solution (Bender, 1969).
Table 1 identifies malathion byproducts and method of research found in the literature along with
each corresponding NIST web book chemical reference. Malathion decomposes into more than
one constituent of its composition. That decomposition is dependent upon the type of
degradation method presented, as shown in Table 1. The degradation products may provide

insight into the characterization of chemical constituents present in malathion off-gasses.
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Table 1. Common Malathion Byproducts and Research
Malathion By-products Chemical
[additional chemical Equation (NIST, é\/l ?ttgglf; Researcher
names from NIST, 2011] 2011) y-p
: : GC-MS .
Diethyl Succinate, . Bender, 1969; Kralj,
[Succinic Acid] CaH1404 Photocsitteg(rj?/datlon Franko, and Trebse, 2006
Dimethyl Hydrolysis
Phosphorodithiotic Acid CoHa10:PSs Bioassay Bender, 1969
Phosphorodithioic CaHOPS Phot(iii-xgation Kralj, Franko, and Trebse,
S-trimethyl Ester 3HlgUsFo1 g 2006
Study
- GC-MS :
Phosphorothioic . Kralj, Franko, and Trebse,
S-trimethyl Ester C3HgO,PS; Photodegradation 2006
Study
Diethyl Furamate, Hydrolysis
[2-Butenedioic acid] CaH1204 Bioassay Bender, 1969
Diethyl Ester, Biocatalvtic Kralj, Franko, & Trebse,
[Butanedioic Acid, C10H1907PS atalyt 2006; Lazarevic-Pasti et al.,
Oxidation
Malaoxon] 2011

2.1.2 Malathion Toxicity and Bioaccumulation in Vertebrates and Invertebrates

Malathion is highly toxic to insects and weeds and less toxic to mammals (Moore, Yedjou,

& Tchounwou, 2010); however, its toxic effects on mammals are under investigation.

Malathion

and other organophosphates have been in use since the mid-1950s resulting from the usage and

testing of more chemically potent substances with similar properties [e.g. sarin, and VVX] during
the World War 1l era (Boyd, et al., 2006; Walker, 2009; Gervais, Luukinen, Buhl, & Stone, 2009).
Malathion is also a nervous system inhibitor: according to a National Pesticide Information Center
13 week rodent study, researchers found low and high doses of malathion attached to the
acetylcholinesterase (AchE) enzyme preventing nervous system response in the rodents (Gervais,
Luukinen, Buhl, & Stone, 2009). Moore et al. (2010) discovered from exposing human liver

tissue to malathion that increased dosages of malathion promulgated cytotoxicity and liver DNA
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damage. Lasram et al. (2014) discovered decreased insulin response and induced hyperglycemia
in a study using 10-week old Winstar rats subjected to 200 mg kg™ of malathion. Cellular
oxidative stress from malathion may cause diseases and damage in mammalian cells.

Malathion exhibits biological accumulative properties in organic tissue. Research has
captured the nature of this issue within the aquatic environment. Henson-Ramsey et al. (2008)
exposed a group of salamanders to contaminate environmental and food conditions of 50 pg cm™
to 100 pg cm™and 200 pg cm™ of soil and worms, respectively. The results were conclusive;
there were no indications of malathion bioaccumulation toxicity present (Henson-Ramsey H. , et
al., 2008). During a biological accumulation study by Ashauer et al. (2012), malathion was
discovered in aquatic invertebrates at the cellular level. Malathion bioaccumulation in
earthworms (Henson-Ramsey H. , et al., 2007) and amphibians (Van Meter, et al., 2014) presented
comparative results. Malathion biologically accumulates in aquatic environments; these studies
from previous literature present characteristics about its composition and persistence.

2.1.3 Absorption and Partitioning Coefficients

This research includes two sorbents [i.e. absorptive or adsorptive surfaces]: copper and
iron. Depending on the use of the product, commercial piping systems are made up of
differing metals and compounds: cast, ductile, and galvanized irons and steel.

Understanding how the different material properties of various metals and compounds affect
the adherence of malathion may contribute to the significance of data produced as well as the
relevance of the research.

Research shows absorption isotherm experiments may be essential to understanding a
solution’s liquid-solid phase partitioning. Magnusson et al. (2013) demonstrate the use of

liquid chromatography coupled with mass spectrometry for solvent removal and pesticide
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concentration checks. Magnusson et al. (2013) suggest the ratio of solid concentration to
dissolved concentration may be used to determine partitioning coefficients [i.e. coefficient of
attachment between two elements in the same phase].
2.1.4 Infrared Spectroscopy Characteristics of Malathion
Infrared spectroscopy of malathion reveals chemical bond and band characteristics.

Bourquin (1977) indicate in his malathion degradation study that double sulfur to phosphorous
bands exist near 655 cm™ wave numbers. He identified stretching asymmetrical carbon-hydrogen
and sulfur-hydrogen vibrations [e.g. 2960 cm™ to 1450 cm™] (Bourquin, 1977). Stuart (1996)
provides infrared spectroscopy identification. According to Stuart’s methods, phosphorus-
oxygen-methyl bonds and phosphorus-sulfur bonds exist in the 2960 cm™ to 1170 cm™ and 750
cm™ to 580 cm™ infrared range, respectively (Stuart, 1996). These numbers are consistent with
Bourquin’s (1977) study. Quintas, Garriques and de la Guardia (2004) in their Fourier
transformation spectrometry study indentify carbon-oxygen bands relative to malathion near 1737
cm™. The National Institute of Standards and Technology (2011) webbook displays selective
infrared data for malathion. The NIST webbook in conjunction with literature may aid in further
identification of gas evolution between malathion and metal adherence.
2.2 Thermogravimetric Analyzer

Research shows that the thermogravimetric analyzer (TGA) instrument may be used to
study thermal stability or mass loss in materials (Groenewoud & de Jong, 1996; Boyd, et al., 2006).
Thermal stability describes a materials ability to resist change at high temperatures (Wang, et al.,
2014). Sample mass loss between the metal and the malathion solution is anticipated to reduce;
however, there is a possibility for the mass to reduce or remain constant. Additionally, the

degradation of reactive products may persist during increasing temperature rates. Studying how
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and when these reactive products are removed or degraded may be useful in studying malathion
adherence. Coupling the TGA with other instruments may reveal and qualify initial information
related to the fate of malathion in drinking water systems; however, some limitations may exist.

2.2.1 Thermogravimetry

Isothermal or non-isothermal thermogravimetry can be used to study the chemical mass of
a sample of interest. According to Boyd et al (2006), this is accomplished over a specified
temperature or time gradient. However, each method shows advantages and disadvantages.
Table 2 below provides a literature review of advantages and disadvantages of each technique. The

Table shows a comparison of the two techniques used in TGA.

Table 2. Advantages and Disadvantages of Isothermal and Non-Isothermal Techniques

Type Advantages Disadvantages
Constant temperature, and pressure
Isothermal (Kok & Okandan, 1995) Low accuracy (Jaber & Probert, 2000; Niu,
Improved sensitivity (Arii & Masudo, Han, Lu, & Sun, 2010)
1999)

Prevents simultaneous reactions by
maintaining equilibrium across all stages | Inconsistent volatilization; polymer

Non Isothermal | (Arii & Masudo, 1999) fragments volatilize at later rates (Rychly, et
Provides dynamic heating rates across al., 2011)

experimentation (Rychly, et al., 2011)

2.2.2 System Purging and Heating Rates

Many authors show the need for a TGA system purge and calibration through the use of
prescribed standards. Background reactions may interfere with elucidation of chemical
degradation mechanisms (Arii & Masudo, 1999). Boyd et al. (2006) purged the TGA system
using nitrogen supplied for 20 minutes at a max temperature of 773 Kelvin prior to
experimentation to prevent background build-up and unwarranted contaminants in the sample

11
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analysis. Due to the high probability of air infiltration, vacuum precursory methods should be
performed prior to experimentation. Importantly, purge gas leakage should be prevented
because heating and purge gas rates may be uncertain (Groenewoud & de Jong, 1996).

Heating rates of chemical decomposition depend on the goals of the study, previous
studies show a variety of heating rates used. Kok and Okandan (1995) used a constant
temperature rate of two degrees Kelvin in their study of crude oils. Authors Niu, Han, and Sun
(2010) use heating rates of 5.0, 7.5, 10.0 and 15.0 Kelvin per minute in their study of calcium
oxide. Lai et al. (2012) varied temperature rates [e.g. 283 K, 293 K, and 313 K] in their
differing atmospheric municipal waste study indicating that residual mass is positively affected
by heating rate.

2.2.3 TGA Coupling Methods

The TGA method coupled with gas chromatography (GC) mass spectrometry (MS) and or
Fourier transform infrared (FT-IR) spectroscopy analytical instruments, or used as the primary
method, has a many modes of application. Groenewoud and De Jong (1996) qualify in their TGA
coupling technique research that the TGA coupled with the FT-IR and MS is a very suitable
method that is applicable to quantitative analysis of volatile compounds. Similarly, Arrii and
Masuda (1999) used thermogravimetry coupled with mass spectrometry (TG-MS) method to
identify thermolysis and evolution of off-gasses from copper acetate hexahydrate. Boyd et al.
(2006) used the TGA method to develop vapor standards for chemical warfare surrogate agents
such as malathion. Their study identified TG-MS use in complex reaction studies. The TGA
coupled with the FT-IR mass spectrometer was also used by Tudorachi and Chirac (2011) to
determine the thermal integrity and degradation routes of polymers. Jiao et al. (2014) used the
TG and FT-IR coupling technique proving carbon dioxide formation and carbonyl esters based on

the spectral features of interest. This study validated extruded polystyrene multi-stage reactions
2
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(Jiao & Sun, 2014). The coupling technique is well-established analysis method and may prove
useful in the study of chemical to metal adherence.
2.3 Kinetic Analysis

2.3.1 Arrhenius Equation and Activation Energies

Arrhenius’ equation, when applied as the first reaction order of mass loss, may reveal
information on the chemical reaction properties of the malathion solution. Studying
thermogravimetric curves may provide the insight into the behavior of the malathion, piping
material constituents.

Subsequently following first-order mass loss, the decomposition rate can be modeled
using reaction kinetics or Arrhenius’ equation. The Arrhenius reaction model, k =
Ae(—Ea/RT) as applied to sample mass loss depends on three constituents: rate constant,
sample weight and temperature (Kok & Okandan, 1995). Starink (2003) indicated
comparisons between two well-known activation energy methods: the rate isoconversion based
on the Friedman model and the p(y) isoconversion model based on temperature
approximations. He indicated that p(y) isoconversion modeling with the use of Arrhenius’
equation yields higher accuracy than models based on the Friedman model. Niu et al. (2010)
use the Arrhenius’ equation with the Vyazovkin method and Avrami theory within their
reaction model and activation energy calculations. They revealed two important concepts with
respect to the calcium-based sorbents: rapid decomposition may equate to variation in reaction
orders, and activation energy decreases with increasing temperature (Niu, Han, Lu, & Sun,
2010). Much literature suggests Arrhenius modeling may provide insight into first-order
kinetic analysis.

Defining kinetic parameters contributes to well-defined kinetic analysis. Vlaev et al.

(2008) in their non-isothermal calicum oxlate study expressed the significance of predeterming
3
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kinetic factors using thermogravimetric data. They determined calcium oxalate dehydration
relied on the kinetic type (Vlaev, Nedelchev, Gyurova, & Zagorcheva, 2008). Jackic,
Vrandecic and Klaric (2013) determined thermogravimetric kinetic analysis using activation
energy, the pre-exponential factor and the equation of a line [i.e. kinetic triplet] may be used to
estimate interrelationships with process rate, conversion, and temperature. Pazur (2014)
discovered in his polyisobutylene study that a high association may exist between activation
energies of byproducts. He verified this through the results shown for the proximity of the
carbonyl, hydroxyl, and beta lactone by-products (Pazur, 2014).

2.3.2 Disadvantages with Arrhenius-Based Kinetic Modeling

Undoubtedly, there are disadvantages to Arrhenius-based kinetic modeling. Starink
(2003) indicates approximation concerns with the temperature integral in his isoconversion
method comparison study. He reported loss of consistent approximation for values of ‘y’ greater
than 60 or less than 15. Similarly, Chen and Lui (2010), in their non-isothermal calcium
carbonate solid state study, regard the temperature integral as undefined. Vyazovkin (2002)
illustrates the solution to the temperature integral lies in the use of numerical iterative methods,
which allow for interval variation. The aforementioned give insights into the temperature integral
approximations. The insights demonstrate the need for careful experimental control and analysis.

2.3.3 Thermogravimetric Curves

The thermogravimetric (TG) and derivative of the TG (DTG) curves are indicative of a
sample’s kinetics and provide insights into the kinetic behavior of the sample analyte. The TG
and DTG curves may prove useful in characterizing an analyte’s kinetics (Kok & Okandan, 1995).
Jaber and Probert (2000) show activation energy increases with positive increases in temperature
heating rate. These increases are seen through thermogravimetric curve analysis. Additionally,

the peaks on the DTG curve shift as a result of heat transfer variance, low particle exposure at
4
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increased heating rates and decomposition (Jaber & Probert, 2000). In relation to Jaber’s and
Probert’s study, Park and Kim (2006) discover from their DTG curve analysis that the reduction of
internal analyte temperature decreases with direct increases in temperature.
2.4 Transition Metal Redox and Effects on Activation Energies

Metals exhibit chemical properties when exposed to oxidative products; these products
may affect the value of associative activation energies. Graham (1972) indicated in his corrosion
study that iron shows linear to parabolic rate change between 673 K and 773 K. He illustrated
that low activation energies [e.g. 33 kJ mol™ to 50 kJ mol™] are a product of oxidation (Graham,
1972). Zhu, Mimura, and Isshiki (2002) show similar inferences in their material oxidation study.
They show copper exhibits characteristics of parabolic functions near the temperature range of 623
Kto 1073 K. Activation energies are virtually the same for oxide and water absorption.
Grosvenor et al. (2005) prove this in their iron surface study; they discovered E, values of 28 + 3 kJ
mol™ and 32 + 6 kJ mol™, respectively. Grosvenor et al. (2005) also note lower activation
energies among logarithmic kinetics than that of parabolic kinetics. The results suggest there
may be some calculation error between the two methods. Wang, Tao, and Bu (2006) in their
dissociation study of water, found the activation energies for virgin copper surfaces [e.g. 73.3 kJ
mol™] to be nearly twice that of oxygen preabsorbed surfaces [e.g. 135.1 ki mol™]. These
activation energies align with 111 kJ mol™ and 40 kJ mol™ values contained in Zhu’s, Mimura’s,
and Isshiki’s, (2002) copper oxidation study. Oxidation lowers activation energies in transition
metals; therefore, it is prudent to consider the factor in determining activation energies of chemical

to metal reactions.
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I1l.  Research Objectives

The primary goal of this research is to determine if thermogravimetry combined with the
Fourier transform infrared spectroscopy technique is a definitive method for classification of
chemical adherence to water infrastructure piping material for the purpose of providing a greater
understanding of contaminate to piping material adherence properties.

(1) The first objective is to determine the effect of malathion exposure on standard activation
energy required for malathion to begin volatilizing from copper and iron piping.

(2) The second objective is to determine the volatile chemical effect of malathion on the
elemental composition of copper and iron piping gas evolution during thermogravimetric
analysis
The research is the first use of thermogravimetry and Fourier transform infrared

spectroscopy techniques used in material and chemical studies. Successful research will provide
a greater understanding of contaminate to piping material adherence. The research is also

expected to provide further insight into efforts relative to drinking water security and further

national security interests.
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IV.  Methodology

4.1 Introduction

This chapter will define the experimentation materials, equipment, methods and
procedures applied in classifying and characterizing malathion adherence to copper and iron
piping. Laboratory equipment and operating procedures are explained in theory within the
contents of the chapter with additional details contained in appendices. Laboratory preparation,
sample preparation, thermogravimetric analysis, Fourier transform infrared spectroscopy, as well
as gas and liquid chromatography are explained as related to the water research study.
4.2 Laboratory Preparation

4.2.1 Reorganization and Circuitry

In the initial phases prior to experimentation, the Physics Laboratory was reorganized and
to accommodate the thermogravimetry and infrared spectroscopy methods of analysis. During
the renovation, the research required development of additional circuitry to support the
instrumentation coupling method. The idea centered on allowing only a proportionate amount of
gas transport from the thermogravimetric analyzer (TGA) to either the Fourier transform infrared
(FT-IR) spectrometer or the gas chromatograph mass spectrometer (GC-MS). The off-gasses are
restricted to prevent unequal flow of sample concentration between instruments. Circuitry was
developed and placed using a workability framework to support maximizing the capability to
implement daily sample runs across the three instruments. Reconstruction also included
programming the available Microsoft© Windows 95 operating system. Additionally, eight new
electrical receptacles with relays were placed to provide power to the solenoid valves. Each relay

was spliced within each of the eight receptacles to a diagnostics digital to analog box and grounded



AFIT-ENV-MS-15-M-164

on a wire bus bar using 16 gauge wire. Figures 1 and 2 show the laboratory reconstruction and

circuitry installs, respectively.

Figure 1. Laboratory Prior to Reconstruction Showing TGA/FT-IR and GC-MS
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See Figure 3 for Solenoid Valve Tubing Connections
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Figure 2. Expansive Circuitry and Diagnostics for the TGA/FT-IR/GC-MS
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4.2.2 Gas Line and Valving

In addition to the circuitry, contact-closed and contact-opened solenoid valves were
installed in succession for the instrumentation coupling methods. The valves open and close
proportionate to the amount of sample gas emitted from the TGA to the FT-IR or from the TGA to
the GC-MS. This procedure allows for single instrumentation analysis in a multifunctional
system and prevents sample gas carry over between instruments. These valves were purchased
and connected to three-prong computer cords through soldering (Figure 3). The connections are

necessary for electronic switching and power of the solenoids contained in the valve.

1/8 inch stainless
steel tubing to

GC-MS
Solenoid .
Valve See Figure 2
Open/ @ >
Close

1/4 inch
stainless
steel tubing
to FT-IR

Solenoid
} Valve

Close

1/4 inch
stainless
steel tubing
from TGA

See Figure 2

See Figure 2

1/8 inch stainless
steel tubing from gate
valve, N, 30PSI

Figure 3. Solenoid Valve Connections and Tubing
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4.3 Material Overview

4.3.1 Coupon Sample Preparation

Sample preparation required two items: coupons provided by the sponsoring corporation,
the Environmental Protection Agency (EPA), and a solution of malathion in water provided by the
Air Force Institute of Technology (AFIT). The EPA provided samples were in the form of
cylindrical disks [i.e. coupons] approximately one-half inch in diameter and one-eighth inch in
depth. These sample coupons were 99.99% copper and cast iron, no impurities, each weighing
approximately three to four grams each.

4.3.2 Coupon Size Reduction

The AFIT Fabrication and Modeling shop machinist reduced the coupon size due to the
need to accommodate analysis techniques used in this research. The coupons were severed into
quarters operating an electrical discharge machine (EDM) (diagram shown in Figure 4). The
EDM uses electrical conductivity to severe metallic samples (New Jersey Precision Technologies,
Inc, 2015). Each coupon was submerged in a dielectric fluid [i.e. water] prior to the EDM
sending an electrically charged brass wire over the sample. The wire disintegrated the sample’s
particles until the sample was fully decapitated. Following size reduction, each coupon quarter
was sanded using Norton ™ T414-400-50-C Blue-Bak waterproof paper to remove excess filings
and contaminates from the severing process. Figure 5 shows the reduced coupons and abrasive

paper used.
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Figure 4. Electric Discharge Machine
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Figure 5. Sample Coupons (left) and Abrasive Paper (right)

4.3.3 Malathion in Water

The AFIT environmental laboratory technician provided a one-hundred parts per million
(ppm) solution of Malathion in water. Malathion is a reasonably toxic solution thus National
Institute of Occupational Safety and Health (NIOSH) methods were used in developing standard
concentrations to prevent hazardous exposure. Careful measures were taken including sterile
pipetting to ensure accurate dilution of the solution in deionized water. The NIOSH standards
were used in regards to all hazardous chemical labeling and disposal. The solution of malathion
was mixed at low agitation for 24 to 36 hours. After preparation, the solution was placed in the
refrigerator and kept at a controlled temperature of 278 K until experimentation. Prior to storage
and each use, the pH of each solution was checked to ensure the liquid was not too acidic. The pH
was tested as an experimentation precaution to ensure the deionized water did not acquire any
positive ions from the surrounding air, consequently, changing the chemical composition of the

solution. Figure 6 shows the malathion solution, encasement and flask used to for preparation.

13
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Figure 6. 95% by Volume Malathion Solution and
Volumetric Flask

4.4 Equipment Overview

The thermogravimetric analyzer (TGA) measures mass loss as a function of time and
temperature (Dodd & Tonge, 1987). The AFIT physics laboratory stores the Thermo Fisher
Thermax®© 400 TGA, a Nicolet™ 8700 Fourier Transform Infrared (FT-IR) Spectrometer and a
Hewitt Packard HP®6890 Gas Chromatograph Mass Spectrometer (GC-MS). The TGA was
used to produce thermogravimetric curves for analyzing the mass change of the piping coupon
immersed in the malathion solution. Additionally, a FT-IR spectrometer was employed to study
the TGA gas evolution and provide verification and validation of the TGA procedure. Moreover,
the GC-MS was prepared for expansion and along with the TGA and FT-IR connection apparatus;

however, it was not used for this procedure.
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4.4.1 Thermogravimetric Analyzer

The Thermax© 400 TGA is comprised of four main components: balance, furnace, a
programmer, and recorder (ThermoFisher, 2008). These components enable the study of mass
loss as a function of time and temperature. The Thermax®© 400 TGA uses a two-sided balance
with one side used for sample loading and the other used for weight tarring. Both sides use
platinum wires and crucibles for sample and mass storage. Dodd and Tonge (1987) explain TGA,
its instrument components, and materials. Platinum has specific uses in the TGA because it is
heat resistance and is nonreactive with other metals; it is the preferred choice of material. The
furnace is the most critical component of the TGA comprised of coiled windings, a sample
container, a thermocouple, and a liner. The coiled windings and liner are direct components of
the furnace. The platinum sample container provides the mechanism for sample loading. A
thermocouple made of two metal alloy wires is housed within the furnace (Dodd & Tonge, 1987).
These alloy wires are capable of withstanding temperatures above 1773 Kelvin (ThermoFisher,
2008). The thermocouple acts like a pseudo temperature sensor sending information to the
reaction gas valve signaling it to open and close. Dodd and Tonge (1987) express that this
mechanism is based on the heat given from the furnace. The temperature sensor, on the other
hand, is directly connected to the programmer and sends electric signals to it controlling furnace
temperature (Dodd & Tonge, 1987). Moreover, the recorder from the Thermax© 400 TGA
receives inputs from the thermocouple and temperature sensor then provides real-time diagnostics
information on sample weight, furnace temperature, and TGA run time to an integrated computer
system (ThermoFisher, 2008). Figure 7 depicts a schematic showing instrumentation and

equipment components of the TGA instrumentation contained in the AFIT physics laboratory.
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Figure 7. Schematic of TGA Displaying Gas Transfer, Diagnostics, and Electrical Equipment Located in the AFIT Physics Laboratory
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4.4.2 TGA Coupled with Fourier Transform Infrared Spectrometer

Directly aside the TGA is a Nicolet™ 8700 Fourier transform infrared (FT-IR)
spectrometer. Stuart (1996) explains the FT-IR components and their integration of analysis. The
instrument is comprised of five key components: mirrors, an infrared radiation source, a
Michelson interferometer, a sample compartment, and a detector. These components enable the
study of TGA gas emissions as a function of time and enable understanding of the sample
decomposition. The principal technique depends on the detection of molecule absorbance of
infrared radiation; the absorbance of radiation is proportionate to increases in molecule vibration
(Stuart, 1996; ThermoFisher, undated).

The Nicolet™ 8700 FT-IR employs five mirrors, two [i.e. stationary and mobile] housed
within the Michelson interferometer (Stuart, 1996; ThermoFisher, undated). The mirrors redirect
concentrated light from the laser. After the sample is introduced into the sample compartment,
the laser sends light over the infrared radiation emitting source. The laser acts as both a light
energy generator and an internal instrument calibrator continuously calibrating the FT-IR
(ThermoFisher, undated). Stuart (1996) describes the interferometer and beam splitting process.
Light energy transmits to the interferometer where it is directed by a beam splitter and encoded
prior to refracting 50 percent of the light to a follow-on mirror and the remaining 50 percent back
to the source. The sample compartment houses the sample the light energy passes through,
therefore absorbing a percentage of light. The remaining portion travels to one final mirror and
then to the mercury cadmium telluride (MCT) detector (Stuart, 1996). Based on peak intensity,
the MCT detector transforms the beam into computer signals (ThermoFisher, undated). Figure 8

depicts the FT-IR instrumentation process.
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4.5 Experimentation

4.5.1 Experiment Synopsis

The experiment consisted of initiating test runs and calibrating the equipment using
calcium oxalate. Following the equipment calibration and testing, the metal coupons subjected to
deionized water and malathion solution were examined. The procedure provided a baseline to
compare experimentation data to. The general outcome determined if there was a change in the
actual experimentation data as compared to the water baseline. The experiment was performed
using each coupon type, copper and iron, subjected to deionized water then malathion, in sets of
three with three repetitions each for 24-hour periods.

4.5.2 TGA and FT-IR Calibration and Testing Using Calcium Oxalate

Calcium oxalate was required for instrumentation calibration. Approximately 50
milligrams (mg) of calcium oxalate was carefully placed using a spatula onto weighing paper.
The compound was weighed using an analytical balance prior to transportation to the TGA
platinum crucible. The nitrogen purge and reaction gas was initiated and allowed to fill the FT-IR
gas cell for approximately 15 minutes prior to experiment start. The preprogrammed calcium
oxalate experiment located in the TGA Thermax®© program was used to perform initial
experimentation set-up. The program included a heating rate of 20 K min™ for two hours. After
experimentation set-up, the calcium oxalate program commenced analyzing the calcium

compound. The Results and Discussion section of this research contains the analysis.
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4.5.3 TGA and FT-IR Sample Preparation

Prior to analyzing the severed iron and copper coupons for experimentation, coupons were
prepared 24 hours in advance. Preparation included recording general data and environmental
conditions: date, weight, temperature, pressure, relative humidity, pH, and incubation and
desiccation periods. The weight, temperature, pressure, and relative humidity were recorded.
The study required the use of a Mettler Toledo© pH meter and probe. The pH meter was
calibrated using the pH 4.0 and pH 7.0 buffer solutions prior to testing and recording pH of the
deionized water and malathion solutions, respectively. The procedure was repeated for each
experiment.

In conjunction to recording environmental conditions and pH, the copper and iron coupons
were incubated then desiccated prior to TG analysis. The coupons were submerged into a glass
vial of 10 milliliters (mL) of deionized water or 10 mL of 100 parts per million (ppm) malathion
solution. Experimentation required keeping solution under controlled conditions [i.e. 298 K] for
a 24-hour period using a hot water bath instrument. Due to the fact that the internal components
of the water bath erroneously vibrated, an encasement of glass beakers was used preventing lateral
movement of glass vials containing the solution and coupon of choice. After the 24-hour
incubation period, the coupon samples were removed from the glass vial, placed on a plastic
sample holder, and allowed to dry in the desiccator for a four-hour period. Meanwhile, the pH of
the liquid solution was retested. The research required repetition of the method for each
experiment prior to TGA and FT-IR analysis. Figure 8 shows the experiment procedure. Refer

to Appendix A for sample preparation and for the detailed experimentation procedure.
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Figure 9. The Coupon Sampling and TGA/ FT-IR Analysis Experimentation Procedure
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4.5.4 TGA and FT-IR Operation

Experimentation was a four part process inclusive of a multifaceted arena of preliminary
and final checks. Appendix B shows the detailed TGA and FT-IR experiment sequence of
operations from beginning to finish. The appendix outlines the intricacies of the experimentation
preparation and process employing and process flow framework.

4.5.4.1 Initial Checks

Prior to start, the thermocouple and temperature sensor were checked ensuring they were
securely connected to and wrapped around the 1/4 inch tubing connecting to the FT-IR insulated
line. Additionally, the thermostat was checked for room temperature conditions, approximately,
295.1 K. The system was restarted if the thermocouple was either separated or not properly
wrapped in insulated material.

Thermogravimetric analysis precluded additional initial checks prior to sample loading.
Initial checks included checking the nitrogen Dura-Cyl® tank [i.e. Dewar] for at least 25%
remaining gas, and ensuring there were no vacuum leaks throughout the TGA and FT-IR coupled
system. Negative checks were rectified by replacement or fixation. After initial checks, the
TGA and the acquisitions program were manually started. The TGA instrument screen was
visually observed for digital weight and temperature, if the weight was not shown or if an error
message appeared, the system was electronically initialized using the TGA program and the digital
screen checked again. Proper TGA weight display illustrated initial check completion.

4.5.4.2 Sample Loading

Sample loading hinged on digital weight verification being correct and the quality of the

physical state of the platinum wire adjoined to the balance fulcrum and platinum crucible. A

metal sample was carefully loaded into the platinum crucible using nonreactive and nonmagnetic
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plastic teasers. The crucible stabilized and the platinum wire attached to the balance fulcrum and
TGA crucible was checked for severe bends. If the wire showed any major signs of torsion or
bends, the sample and wire were carefully removed from the TGA baffle and straightened. The
straightening process included carefully attaching a paper clamp to the one end, as a stabilizing
weight, and the other end to a metallic stand as a means to hold the wire during the heating process.
During the heating process, the wire was subjected to the blue flame emitting from the Bunsen
burner until completely straightened. Afterwards, the wire was carefully reattached to the
balance fulcrum, lowered down through the baffle, and reattached to the platinum crucible prior to
reloading a sample.

The digital weight required one final check before raising the furnace housing. After
sample loading, the weight was checked on both the instrument panel and the computer screen for
additional error messages. Sixty seconds succeeding weight checking, the furnace housing was
carefully hand-guided into the TGA porcelain baffle. The sample was in-place after a few manual
turns of the mechanical locking mechanism.

4.5.4.3 Final Checks

The research required one final vacuuming recheck before initializing the FT-IR. This
included checking all hoses and the peristaltic pump for leaks and degradation. Any damages
were replaced and the experiment restarted. Once the checks were complete, a TGA computer
file was opened and saved using the material type, sample number, and solution name [e.qg.
Cu(1)_Mala]. The FT-IR was started and the experiment set up commenced. During the
experiment set-up, the bench test was initialized for the right auxiliary experiment module (AEM)
and the interferometer checked for an interferogram consistent to proper detector alignment. If

the bench test failed, the computer was restarted and the test was performed again. Immediately

32



AFIT-ENV-MS-15-M-164

following, the mercury cadmium telluride detector (MCT) was checked for cooling, if hot, liquid
nitrogen was carefully applied to the encasement until the detector cooled. After multiple runs,
the MCT detector became inoperable; later experiments used a deuterated trglycine sulfate
potassium bromide (DTGS-KBr) detector, which decreased sensitivity of analysis. Analysis
results using both detectors are contained in the Results and Discussion section and appendices of
this research.
4.5.4.4 Data Collection
Sample background and vectors were collected following the experiment set-up. The
procedure lasted approximately 30 minutes. Afterwards, an FT-IR data file was opened, saved
using the date system [e.g. 3_26_15] and then initiated upon starting the TGA. The entire
experiment lasted approximately 450 minutes. Immediately following experimentation, the
nitrogen gas Dura-Cyl®, the peristaltic pump, and the FT-IR purge gas were all manually and
electronically turned off.
4.6 Analysis Methods
4.6.1 TGA and FT-IR Program Method Creation and Use
4.6.1.1 Calcium Oxalate Preprogrammed Settings
The Thermax© Acquisitions program included premade experiments. The calcium
oxalate preprogrammed experiment was used for calcium oxalate data generation. A single
heating rate over two temperature changes was used: 278 K min™ from 295.1 K to 773 K.
4.6.1.2 Malathion in Water Program Settings
A method for malathion was developed using the Thermax®© Acquisitions program prior to
analyzing the sample coupons immersed in malathion. The method development for this research

stemmed from TGA method concerns with improper heating rates. Dodd and Tonge (1987) state
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this as a principal concern associated with dense samples. Understanding this, the temperature
program included a low heating rate of 275 K min™* and an overall max temperature of 773 K.
Additionally, the method was applied to three temperature changes: 0 to 295.1 K, 295.1 K to 473
K, and 473 Kto 773 K.
4.6.1.3 FT-IR Program Settings

The OMNIC™ program enabled Fourier transform infrared data generation. The
program was experimentally set-up to run using a gas cell specifically manufactured for the
ThermoFisher Thermax®© 400. Early on, transmittance and absorbance data were observed using
the MCT detector at 4 cm™ wave numbers. Later tests used a DTGS-KBr detector at 16 cm™
wave numbers.

4.6.2 Thermogravimetric Mass Loss Profiles

The Thermax© Analyst program allowed for observation and analysis of
thermogravimetric data thus producing thermogravimetric analysis (TGA) and derivative of
thermogravimetric analysis (DTGA) curves. The TGA curves depicted mass loss over time and
temperature. The derivative of the weight with respect time was taken over the TGA curve
producing DTGA curves showing inflection points along the x-axis.

4.6.3 Arrhenius Plots Depicting Activation Energies

Data manipulation of thermogravimetric analysis (TGA) comma splice files using
Microsoft© Excel produced TGA mass loss profiles and Arrhenius plots showing activation
energies. The graphs were created using the first derivation of the mass loss function,
temperature integral, and Arrhenius’s equation substitution. This reaction model is a

well-defined method used in previous TGA first order kinetic research (Jaber & Probert, 2000;
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Park & Kim, 2006; Vlaev, Nedelchev, Gyurova, & Zagorcheva, 2008; Lai, Ma, Tang, & Lin,
2012; Jakic, Vrandecic, & Klaric, 2013).
Equation 1 shows the mass loss differential equation; Equation 2, the temperature integral i.e.

heating rate]; and Equation 3, Arrhenius’ equation:

dX/dt = k(1 —X) (1)
dT/dt = h (2)
k = Ae(—Ea/RT) 3)

Where K is rate constant; X is fractional difference of initial to final mass divided by the initial
mass per unit of time; A is the pre-exponential factor, E, is the Activation energy (kJ), R is the
Ideal gas constant (J mol™ K), and T is the temperature (K).

Therefore, the first derivation of equation 1 and 2 with substitution of equation 3, as well
as, integral calculus applied to the compilation of the three equations produces a function similar to

the algebraic function for the equation of a line, y = mx + b, as defined by Equation 4:

In[-In(1-X)] = (—Ea/RT) + InB 4)

Where, B is a constant [i.e. not used in this research]. Appendix C details the integration steps
producing Equation 4. The integration steps are based on previous Kinetic studies cited by others
(Coats & Redfern, 1964; Dollimore & Lerdkanchanaporn, 1998). Activation energy graphs were
created by plotting the natural log of the mass loss, y-axis, to the inverse temperature, x-axis. The
slope of the line, m [i.e. E4/R], is the activation energy. The energies were compared to literature
to determine potential chemical bond characteristics. Data are contained in the Results and

Discussion section of this research.
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4.6.4 TGA Mass Loss Profiles and FT-IR Absorbance Spectra

Analysis included comparing FT-IR absorbance spectral features of interest with respect to
the DTG mass loss inflection points. The TG curve was smoothed seven times using 25 point
smoothing for TG peak clarity. Analysis procedures also included taking the derivation of the
TGA curve for each sample during four to five inflection time intervals between points of interest
across the TG curve. These points were then compared to FT-IR spectral features within the time
intervals corresponding to the DTG curve used. Each FT-IR feature spectrum was smoothed and
analyzed at wave number intervals corresponding to the chemicals of interest contained in the
OMNIC™ FT-IR spectral libraries. Tables listing associative chemical compounds for the

analyzed spectrum comprised the output.
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V. Results and Discussion

5.1 Visual Properties of Coupons

5.1.1 Copper Coupons Before and After Thermogravimetry

Each copper coupon was subjected to both a 10 mL of solution of deionized water or
malathion for 24-hour periods prior to thermogravimetry. Copper exhibited physical changes
after thermogravimetry, particularly when exposed to malathion. Figure 10 shows the before
(left) and after (right) changes. There appeared to be a lustrous silver metallic coating on all
copper samples exposed to malathion and thermogravimetry. The presence of this lustrous

coating suggests possible physical adsorption between the copper and malathion.

Figure 10. Copper Coupons Before and After Thermogravimetry

Physical adsorption involves electrostatic attraction between two opposing charged
compounds, such as between a metal and a chemical (Schweitzer, 1987). The adsorption may be
dependent on the constituents within malathion and reactions taking place at extreme temperatures

above 373 K. Malathion is composed of elements carbon, hydrogen, oxygen, phosphorus and
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sulfur. Understanding this, it may be that the extreme temperatures changed the elemental
composition of the malathion producing a salt film in the form of a sulfide. ~ The proposed
reaction is shown in Equation 5. Traces of this salt or sulfide may have physically bonded to the

copper.

H(g) +5(s) —> H25(8) (5)

Where H, hydrogen gas; reacts with S, sulfur; to form the hydrogen sulfide

There were a few instances after thermogravimetry where the copper exhibited blue-green
spots on the exterior of the coupon. In these cases, the atmospheric conditions of the experiment
changed. However, these conditions may have changed prior to and during thermogravimetric
analysis. The TGA uses an inert gas [i.e. nitrogen] to prevent the interactive effect as a result of
oxygen changing atmospheric conditions (Dodd & Tonge, 1987). The inclusion of air in the
system in conjunction with the aqueous electrolyte [i.e. malathion in water], may be attributed to
the atmospheric corrosive protective coating as shown in Equation 6. Reactions between
nitrogen, oxygen and possibly sulfur commenced resulting from air infiltration of the TGA. The
resulting combustion product may have been a form of oxide such as carbon, nitrogen, or even
sulfur oxide as shown in Equations 7 and 8. The formation of surface oxides may be a reason
copper exhibited blue-green spotting on its surface; these blue-green spots are indicative of copper

exposure to air (Schweitzer, 1987).

Cu(s) + 02(g)+ H:0 —  CuO(s) + H20 (6)
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Where Cu, copper; reacts with O, oxygen; to form the corrosive protective coat that advances in

the presence of water (Schweitzer, 1987).

Nz(g) +02(g) — NO® (7

C(s) +0:(g) —  COz(g) (8)

Where N, nitrogen; reacts with O, oxygen; to form nitrous oxide. Similarly, C, carbon reacts with
two molecules of oxygen forming carbon dioxide.

5.1.2 Iron Coupons Before and After Thermogravimetry

Iron, after exposure to malathion, exhibits graphite-corrosion. The corrosion results from
the cast iron graphite flakes interacting with each other over the aqueous electrolyte [i.e. malathion
in water] (Schweitzer, 1987). Equation 9 (Whitten, Davis, & Peck, 2000) shows two possible
chemical reactions affecting the iron sample between the two mediums: air and water. Within 24
hours of incubation, each metal sample exhibited similar characteristics. The physical results
were no different from using TGA. Figure 11 shows the before [i.e. left] and after [i.e. right]

pictures of an iron sample exposed to malathion and TGA.

2Fe(s) + 302(g) +H20(aq) —> 2FeO(OH)(s) 9)

Where Fe, iron; reacts with O, oxygen; and H,O, water; to form a constituent of iron oxide

39



AFIT-ENV-MS-15-M-164

Figure 11. Iron Coupons Before and After Thermogravimetry

5.2 Activation Energies

5.2.1 TGA Analysis of Calcium Oxalate

Figure 12 shows the TGA mass loss profile for calcium oxalate. Over the course of the
experiment, the mass fraction decreased from 1.0 to approximately 0.70 after 35 minutes. The
mass loss profile shows two distinct, linear thermal decomposition stages: the first, beginning at
approximately 450 K and ending at approximately 520 K and the second, having occurred at
approximately 800 K. The transition from 100% mass to first thermal decomposition stage
reduced the mass fraction by 10% to 0.90. The proceeding stage reduced the mass fraction 17% to
approximately 0.75. The steep peak at approximately 25 minutes indicates the second
decomposition stage occurred at a faster rate than the first. According to Vlaev et al. (2008)
thermal oxidation of calcium oxalate involves three primary reactions: first, dehydration at
temperatures less than 573 K; second, the formation of calcium carbonate, and third, the formation
of calcium oxide. The presence of these reactions can be assessed by determining the activation
energies associated with the decomposition stages; see Figure 12. The Arrhenius plot depicted in

Figure 13 shows the first order reactions as a function of mass loss and inverse temperature. The
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activation energies associated with the first and second thermal decomposition stages are 7.3 kJ
mol™ and 15.0 kJ mol™, respectively. The E, relative to the overall reaction is 6.05 kJ mol-1.
These activation energies are significantly lower than the published E; values for dehydration
between 46 kJ mol™ to 143 kJ mol™, calcium oxalate formation between 96 to 392 kJ mol™, and
calcium oxalate formation between 110 kJ mol™ to 231 kJ mol™ (Vlaev, Nedelchev, Gyurova, &
Zagorcheva, 2008). Therefore, the activation energy determination cannot be used to
characterize the thermal decomposition reactions shown in Figure 12. However, the observed E,
values shown in Figure 13 are in the same range of those used to describe the evaporation
mechanism from powders [e.g. 10 kJ mol™ to 25 kJ mol™] (Prado & Vyazovkin, 2011).

Dehydration reactions may be responsible for thermal decomposition stages shown in Figure 12.
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Figure 12. Calcium Oxalate TGA Mass Loss Profile, Displays Multi-Stage Mass Loss versus Time and Temperature
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5.2.2 TGA Analysis of Copper Specimens Exposed to Deionized Water

Deionized water provided a baseline for malathion absorption testing. Figure 14 and
Figure 15 show generated thermogravimetric profiles and Arrhenius plots for the deionized water
experiment with copper. The mass fraction increases 0.0002 during the first 60 minutes of the
experiment to an approximate magnitude of 1.0002. This strongly suggests air intrusion into the
TGA system. The mass loss profile shows linear decrease during the 67 to 230 minute time
interval, which ends at a maximum temperature of 700 K. A second decomposition stage is seen
between 230 and 250 minutes. The mass fraction is reduced by 0.0001 in this stage. The third
stage shows negligible decomposition and is seen at times greater than 250 minutes and
temperatures exceeding 750 K. The final mass fraction observed at 773 K was 0.9999, indicating
thermal stability of the copper specimen. Appendix D shows additional TGA profiles for copper
specimens exposed to deionized water. The Arrhenius plot in Figure 15 shows a single linear
region followed by a non-linear, parabolic profile. The 0.7667 coefficient of determination
describes the linearity. The non-linear profile suggests the presence of multiple mass loss
mechanisms in-line with oxidation mechanisms as indicated in Zhu, Mimura, and Isshiki’s (2002)
pure copper study. The linear region is associated with an E, of The 12.87 kJ mol™, which is in
the expected interval for the evaporation mechanisms of water and powders, as described in Prado
and Vyazovkin’s (2011) work. Activation energies for copper may be found in between 40 kJ
mol™ to 111 kJ mol™ as described by Zhu et al. (2002). Therefore, the E, may not be consistent
with the fact that the copper specimen was exposed to deionized water, but does allude to the
possibility of oxidation mechanisms having a catalytic effect on the surface reaction. Additional

Arrhenius plots for copper are contained in Appendix E.

44



AFIT-ENV-MS-15-M-164

873 - - 1.00025
1.00020
773 - =
/ - 1.00015
673 - - 1.00010 8
% - 1.00005 =
E c
5 573 5
: - 1.00000 ©
5 LL
: 2
S 473 - 0.99995 &
- 0.99990
373 .
- --Temp ——Mass Fraction - 0.99985
273 . . . . 0.99980
105 155 205 255

Time (minutes)
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Figure 15. Copper Exposed to Deionized Water Arrhenius Plot, Curved Line Indicates Mass Loss is Inconsistent with First-Order
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5.2.3 TGA Analysis of Copper Specimens Exposed to Malathion

Figure 16 shows the TGA mass loss profile inclusive of the heating rate and maximum
temperature. Mass loss decreased approximately 0.0001 every 100 K. The linearity of the mass
loss profile suggests the presence of a single rate-controlling reaction. There are, however,
several small nonlinear segments present through the mass loss profile. The reason for these
features is not clear; it may be attributed to oxidation in the presence of water and or absorbed
oxygen as expressed by Wang, Tao, and Bu (2006) in their study of water dissociation on
transition metals. An approximate 9.6 x10™ final mass fraction observed at 773 K indicates
thermal stability of the copper specimen. The Arrhenius plot in Figure 17 shows a straight line
consistent with the presence of a single state first-order reaction. The 0.9794 coefficient of
determination complements this fact. The corresponding slope and E, are 274.3 K and 2.28 kJ
mol™ respectively. This E, value was unexpected, because it is lower than the previously
observed value for copper specimens exposed only to deionized water (from Figure 15). The low
E. value in Figure 17 is consistent with the dissociation of weak chemical bonds. It is possible to
observe low E, values with metal catalysis in thermal decomposition reactions (Whitten, Davis, &
Peck, 2000). It might be that the copper is exhibiting contact catalytic properties between the
surface of the copper specimen and the malathion solution. This finding suggests copper pipes
exposed to malathion may thermally degrade more easily than those that have only been exposed
to deionized water. Appendix E show additional Arrhenius plots of copper exposed to malathion;
observations of these plots show low activation energies across the experiments. These plots

provide more evidence supporting the association with low activation energies and copper.
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5.2.3.1 Additional Observations of Copper Specimens Exposed to Malathion

Appendix D shows additional raw data TGA mass loss profiles for copper exposed to
malathion after thermogravimetry. These profiles show a greater variance in mass loss
throughout the course of experiments performed using malathion. These data reveal interesting
characteristics about the potential reactions and their effects during thermogravimetric analysis.
For instance, Figure D2 shows a case where the TGA profile for copper exhibited qualities of mass
gain and loss. According to Schweitzer (1987), copper, when exposed to some medium [i.e. air or
water] produces a blue-green protective coating against oxidation. It is highly possible that
exposure to air during abrasive cleaning of the sample, as well as its exposure to the aqueous
solution of malathion produced this coating. This is important because physical absorption might

have resulted from TG analysis of the copper sample.
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Figure 16. Copper Exposed to Malathion in Water TGA Mass Loss Profile, Displays Mass Loss versus Temperature and Time
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5.2.4 TGA Analysis of Iron Specimens Exposed to Deionized Water

Figures 18 and 19 show the TGA mass loss profile and Arrhenius plot, respectively. The
mass loss profile displays no apparent increases in mass, partly, due to successful TGA system
purge using nitrogen gas. The TGA mass loss profile does, however, show three distinct linear
decomposition stages corresponding to the mass loss profile’s inflection points. The profile
shows the inflection point separating the first and second decomposition stage, which occurred at
50 minutes. An approximate temperature of 370 K corresponds to that time. Mass decreased by
0.0005 every 100 K further displaying linear mass loss as function of temperature. The total mass
fraction decreased 0.0025 to an approximate mass fraction of 0.9975. This is observed near 773
K indicating thermal stability of the iron specimen. Appendix D shows additional TGA mass loss
profiles for iron. The Arrhenius plot in Figure 19 shows a linear plot suggesting mass loss
consistent with first-order reaction. The coefficient of determination of 0.9425 confirms this fact.
The slope is 394.15 K at 3.27 k mol™. This E. value is lower than the range expected for the
evaporation of water on iron surfaces [e.g. 28 kJ mol™ to 32 kJ mol™] as described in Grosvenor,
Kobe, and Mclintyre’s (2005) publication. This result suggests that the evaporation of water may
proceed with lowering activation energies than were previously published. These lowered
activation energies may be mechanistically possible in the presence of a thermal catalyst.

Appendix E contains additional Arrhenius plots for iron.
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Figure 18. Iron Exposed to Deionized Water TGA Mass Loss Profile, Displays Mass Loss versus Temperature and Time
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Figure 19. Iron Exposed to Deionized Water Arrhenius Plot, Straight Line Suggests That Mass Loss is First-Order
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5.2.5 TGA Analysis of Iron Specimens Exposed to Malathion

Figures 20 and 21 show the TGA mass loss profile and Arrhenius plot for iron,
respectively. The TGA profile mass loss curve was initially erratic showing both mass gain and
loss providing non useful data.  Therefore, the first 180 minutes exhibiting as mass gain of
0.0002 were removed. The erratic display indicated the presence of oxygen [i.e. air intrusion]
accounting for the observed variability. Because of the variation, these data required a
thermogravimetric technique called curve smoothing (see Gas Evolution and Characterization) at
twenty-five point heavy smoothing. Linear thermal decomposition stages appear present in the
last 75 minutes between 185 and 230 minutes and 230 and 250 minutes. The final mass fraction is
observed at 773 K is 0.998. The initial point of the plateau and the change in slope indicates that
the iron specimen is reaching thermally stability. The Arrhenius plot was nonlinear as
determined by observation and the 0.4298 coefficient of determination. The nonlinear plot is an
indication that more than one rate-controlling reaction occurred during the course of the
experiment. This indication also illustrates that the plot is inconsistent with first-order mass loss.
The slope is small, displaying 184.59 K as compared to previous data. Activation energy of 1.54
kJ mol™ corresponds to this slope and is less than the E. value observed for specimens exposed
only to deionized water. This suggests the observed value may be possible if the malathion is
exhibiting catalytic properties on the surface of the iron.  Appendix D and E contain additional

mass loss profiles and Arrhenius plots for iron, respectively.
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Figure 20. Iron Exposed to Malathion TGA Mass Loss Profile, Displays Mass Loss versus Temperature and Time
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Figure 21. Iron Exposed to Malathion Arrhenius Plot, Curved Line Shows Mass Loss is Inconsistent with First-Order
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5.2.6 The Effect of Malathion on Activation Energy

Table 3, organized by decreasing total temperature range activation energies [i.e. column
8], summarizes the slope, activation energy (E,), and reaction start temperatures for the research
generated Arrhenius plots. The activation energies taken at four temperature ranges correspond
to displayed times. The following temperatures categorize the activation energies: 296 K to 398
K, 399 Kto 523 K, 524 K to 648 K, and 649 K to 773 K. The table illustrates activation energies
over the entire experimentation period. Notice the energies are significantly different across the
four temperature intervals versus the total experimentation period. Copper and iron exposed to
both malathion and water recognize these differences [e.g. Cu sample no. 2 & 3; Fe sampleno. 1 &
3]. These results are relative to previous analyses corresponding to parabolic and linear reaction
rates (Zhu, Mimura, & Isshiki, 2002; Grosvenor, Kobe, & Mclntyre, 2005). The actual reaction
start temperature shows the initial temperature where the reaction type commenced. Higher
activation energies correspond with higher reaction start temperatures for both metals; these data
align with Jaber and Probert’s (2000) study. This is an indication that temperature is associated
with higher activation energies. All specimen and solution types illustrate erratic activation
energies. Exposure to malathion outlines overall lower E;, values for both the copper and iron
specimens. Notably, the E, values for iron specimens were lower than that of the copper
specimens. The same is true of the E, for copper and iron exposed to water. The copper value
appears twice that of iron exposed to water. Multi-stage [i.e. parabolic] reactions were observed
for samples that were exposed to malathion and deionized water; however, the type of catalyst
involved may include either the metal or the hydroxyl groups present in water. This evaluation

should be clarified in future research efforts.
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Table 3. Activation Energies for Copper and Iron

Temp Interval (K) 296-398 | 399-523 | 524-648 | 649-773 0-773
Time Interval (minutes) 0-72 73-134 735-197 | 198-270 0-270
Sample | Sample Soluti . ) ) Actual
Type No. olution Type Activation Energy, E, (kJ mol™) Ea (kJ mol™) | Reaction Start
Temp (K)
2 Water 0.000 0.000 54.89 6.576 12.87 638.0
2 Malathion 0.448 9.946 15.12 0.000 10.88 309.5
3 Malathion 0.000 0.000 53.83 2.073 6.867 538.5
Copper 3 Malathion 4.878 29.24 0.000 0.000 6.443 295.0
1 Malathion 21.64 1.820 1.135 1.570 2.821 295.0
1 Malathion 4.638 0.990 0.821 1.108 2.512 295.0
1 Malathion 2.78 2412 1.730 1.570 2.371 310.0
3 Water 0.000 33.831 5.219 2.575 6.406 512.0
Iron 3 Water 5.806 1.837 1.252 0.763 3.277 294.0
3 Malathion 6.626 1.535 295.0
1 Malathion 2.289 3.089 0.420 2.439 1.285 297.0
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5.3 Gas Evolution and Characterization

5.3.1 FT-IR Results for Copper Specimens

Table 4 and 5 show the time intervals for both deionized water and malathion inflection
intervals [e.g. TGA Point]. The time intervals show a distribution of coverage across the time of
experimentation. For deionized water experiments, two inflection points [e.g. Time (a) and Time
(b)] were chosen for each TGA point interval. The times taken between the inflection points
demonstrate the sensitivity and workability of the FT-IR detector. Times (a) and (b) displayed in
Tables 4 and 5 also express available data at the corresponding TGA point. Times not shown
indicate the inconclusive FT-IR data at the corresponding TGA point. Figure 22 illustrates a
derivative thermogravimetric (DTG) curve for copper exposed to malathion. The DTG curve
shows inflection at the approximate 2, 100, and 200 minute time intervals. These inflection
points indicate changes in the curve during experimentation. The use of FT-IR smoothing
techniques removed data variance for clarity of expression of features of interest. Figures 23
through 26 show the FT-IR spectra for specific areas of interest corresponding to NIST data and
literature for malathion features of interest after data smoothing. (Note: each of these figures
shows one point in time corresponding to the temperature at that point. Data were only
considered at that one point, because it was discovered from analysis that all other points contained
throughout the experiment either were similar or inconclusive.) Figure 23, a spectrum taken at
0.168 minutes [e.g. 2500 cm™ to 3100 cm™], does not show features consistent with the
phosphorus-oxygen-methyl stretching bands normally found between 1380 cm™ to 1640 cm™
wave numbers within infrared spectra corresponding to malathion as shown in Burquins (1977)
study or in NIST (2011) infrared data. These data are consistent throughout all temperature

ranges. Figure 24, a spectrum taken at 0.1, between wave numbers 1950 cm™ and 2550 cm™,
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shows little absorbance. Similarly, between 1650 cm™ and 1050 cm™ wave numbers, no
prominent features exist resembling malathion absorption. In contrast, the 1100 cm™ to 500 cm™
band in Figure 25 shows what may appear to be sulfide bands, which is promising considering
malathion is comprised of two sulfur molecules as seen in its molecular formula. Figure 26
further clarifies the inoperability of the FT-IR mercuric cadmium telluride (MCT) detector.
These characteristics are indicated by the erratic display between the 900 cm™ and 400 cm™.  The
corresponding data is inconsistent with features found in wave number bands described by Stuart
(1996). These data suggest there may be little absorption of malathion on the copper coupon.
Further experiments and analyses are required to determine the amount absorbed to the metal

coupons. Appendix F provides additional spectra corresponding to the sample and solution type.

Table 4. TGA Inflection Points Coordinating with FT-IR Spectra for Copper
Exposed to Deionized Water

TGA Temp Interval | Time Interval . .

Point (Igelvin) (minutes) U3 () Ul )
1 295.0 - 313.5 1.900 - 33.10 8.224 24.17
2 313.5-471.4 33.10 - 88.55 40.78 71.83
3 471.3 - 616.7 88.87 - 181.5 - -
4 616.7 - 773.0 181.2 - 270.7 - -

Table 5. TGA Inflection Points Coordinating with FT-IR Spectra for Copper

Exposed to Malathion

TGA Temp Interval Time Interval . .

Point (Igelvin) (minutes) e (&) UL {2
1 296.9 - 297.4 3.900 - 41.57 12.42 39.77
2 297.4 - 378.9 41,57 -106.7 42.62 98.79
3 378.9-471.5 106.7 - 147.9 108.8 145.0
4 471.5-597.8 147.9-211.1 - -
5 597.8 - 747.8 211.1 - 286.1 - -
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Figure 22. Copper (2) [22 Oct 14] Exposed to Malathion DTG Curve, Displays Inflection TG Curve Inflection Points
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Figure 23. Copper (2) [22 Oct 14] Exposed to Malathion FT-IR Spectrum at 0.168 min, 3150 cm™ to 2600 cm™, MCT Detector,
Smoothing
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Figure 24. Copper (2) [22 Oct 14] Exposed to Malathion FT-IR Spectrum at 0.168 min, 2550 cm™ to 1950 cm™, MCT Detector,
Smoothing
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Figure 25. Copper (2) [22 Oct 14] Exposed to Malathion FT-IR Spectrum at 0.168 min, 1650 cm™ to 1050 cm™, MCT Detector,
Smoothing
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Figure 26. Copper (2) [22 Oct 14] Exposed to Malathion FT-IR Spectrum at 0.168 min, 1100 cm™ to 500 cm™, MCT Detector,
Smoothing
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Table 6 shows FT-IR library spectral data for chemicals and the number of occurrence

throughout the analysis pertaining to the analyzed spectrums. These data were taken five times

between TGA time or temperature interval points (shown in Table 4). The number of occurrences

is associated with the number of times the FT-IR library identified the chemical between the TGA

data points. The table shows proposed chemicals associated with potential constituents of

malathion.

Random analysis of the copper specimen exposed to deionized water revealed water

molecules present. Glycol esters and associated organic hydrocarbons were identified for copper

specimens exposed to malathion. The butanediol is associative to the butenedioic acid and

succinic acid indicated in the Bender (1969), and Kralj, Franko, and Tresbse (2006) studies. This

association infers the chemical may be evolving from the malathion. The FT-IR identified

Hydrogen sulfide, which may be the result of surface reactions between malathion and the coating

on the copper specimen. As expected, the copper specimens show features similar to carbon

monoxide and carbon dioxide, which are common combustion byproducts. Appendix G, shows

the full list of chemicals present in the analysis corresponding to associated inflection points.

Table 6. FT-IR Chemicals of Interest Copper Exposed to Deionized Water and Malathion

. Number of
;(Srﬁ Compound Name %gﬁmmzl MVC\)/Ieeng uhI?r Occurrences bgtween
the TGA points
1 Carbon Monoxide CcO 28.01 5
2 Hydrogen Sulfide H,S 34.09 1
2 Carbon Dioxide CO; 44.01 5
2 Trans-Piperylene CsHg 68.12 2
3 Cyclohexane CeH12 84.16 2
3 Butanediol C4H100, 90.12 2
1 4-Vinyl-1-Cyclohexene CgHi4 110.2 3
2 Alpha-Terpineol C10H180 154.2 2
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5.3.2 FT-IR Results for Iron
Table 7 shows the inflection points taken across the DTG curve. Time and temperature
information was tabulated across four inflection points. Table 8 shows the chemical
identification for Iron exposed to water. The match signifies the strength of correlation of the
proposed chemical with the FT-IR library. The only byproduct identified for the iron specimens
was water. lron exposed to malathion was analyzed; however, the results were inconclusive.
These results are highly correlated with the failed MCT detector. Use of the DTGS-KBr detector

was also unsuccessful in identifying byproducts. This was due to the detector’s low sensitivity.

Appendix F displays the full spectrums.

Table 7. TGA Inflection Points Coordinating with FT-IR Spectra for Iron

Exposed to Deionized Water

TGA Temp Interval Time Interval . .

Point (Igelvin) (minutes) Ve &) | s (o)
1 296.6 - 364.9 3.170 - 45.55 11.58 94.30
2 364.9 - 479.9 45,55 -102.8 55.21 101.9
3 479.9 - 625.1 102.8-175.4 120.5 170.5
4 625.1-773.1 175.4 - 252.2 185.8 248.0

Table 8. FT-IR Chemicals of Interest Iron Exposed to Deionized Water

I-:I’_Srﬁ Match Compound Name Chemical Formula POSS'bm;y: Ve
1 53.16 Water H,O Yes
2 74.82 Water H.O Yes
3 74.21 Water H.O Yes
4 75.16 Water H,O Yes
5 75.33 Water H,O Yes
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5.4 Limitations of Research

5.4.1 Literature Data

Typically, TGA is used to study thermal stability in the areas of biology, ceramics,
foodstuff, polymers and plastics as well as metals and alloys (Dodd & Tonge, 1987). There is
limited research on the use of TGA and FT-IR to characterize metal exposure to chemicals like
malathion. This datum gap produces difficulty in finding useful data for comparison.

5.4.2 Air Intrusion

Air intrusion caused mass increases during TGA analysis. This problem interfered with
the determination of activation energies and the elucidation of reaction mechanisms. The Air
intrusion may have been a result of improper vacuuming of the system. Also, lowered purge gas
rates may have been a possible cause. Air intrusion should be controlled by necessary means to
prevent oxidation and possible mass increases.

5.4.3 Equipment Malfunctions and Part Replacement

The equipment and instrumentation was unused for approximately two years prior to
research experimentation. As a result, the equipment required extensive maintenance and repair.
Daily, weekly, monthly maintenance was performed throughout, and repairs were performed
during equipment failures. Each repair required equipment calibration and testing. This
changed the condition of the equipment throughout the course of the research. Routine
maintenance and checks on instrumentation should be periodically performed to prevent
equipment malfunctions.

5.4.3.1 TGA Sample Loading and Weight-Balance Stabilizing
Typical TGA component maintenance and failures were those relative to sample loading

and weight balancing and stabilizing. The TGA sample load area was problematic. After
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approximately five to ten runs, the TGA mass loss profiles depicted high data variance as a result
of electrostatic build-up between the porcelain baffle and platinum wire. Immediately following
sample loading, this electrostatic build-up was visible. The platinum wire was electrostatically
attached to the inside casing on the baffle. Erratic weight fluctuations were also observed (x 10
mg to 20 mg). To rectify this problem, a few procedures were performed, depending on the
severity of data variance: the platinum wire was detached and straightened or the baffle and wire
were shortened. Iron and copper both have relatively different atomic weights, thus each required
balancing using similar or heavier weights to properly align the TGA balance fulcrum between the
sample and the tare sides. Moreover, weight stabilization of the balance was necessary to prevent
erratic disposition of the platinum crucible during analysis, and, if not performed, led to erratic
data.
5.4.3.2 FT-IR Detectors

The mercury cadmium telluride (MCT) detector is very sensitive with wavelength
resolutions around 4.8 cm™ (Stuart, 1996; ThermoFisher, undated) and required cryogenic cooling
prior to use. Over time the cryogenic cooling of the detector produced mechanical failure of the
detector preventing it from retaining liquid nitrogen. Once the detector became inoperable, it
could no longer retain enough liquid nitrogen to remain cooled. Data collection, particularly, the
wavelength resolution was severely hindered. The inoperable MCT detector was replaced with a
DTGS-KBr detector, which did not require cryogenic cooling. However, the sensitivity of
detection was severely reduced to approximately 16 cm™ wavelength resolutions. The

DTGS-KBr detection range prevented collection of useful data.
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The aforementioned instrumentation and experimental issues rendered portions of the data

unusable.

Data proportions among the sample, solutions, and experiment types are described in

Table 9. Twenty-six TGA and FT-IR experiments were performed over the course of research.

Approximately 42% of the TGA experiments produced useable mass loss profiles. Of the total

FT-IR experiments performed, only 46% are useable, meaning they can be used to produce spectra

able to be used to identify gas byproducts.

sensitive MCT detector for gas byproduct identification.

Table 9. Copper and Iron TGA Coupled with FT-IR Experimentation

Future research should focus on the use of the more

ACUEOUS TGA TGA Useable FT-IR FT-IR Useable
Sample Type Solu(tqion Tvne Experiments | Experiments | Experiments | Experiments
yp Total Total Total Total

Copper Deionized Water 6 1 2 3
Copper Malathion 8 6 6 2
Iron Deionized Water 6 2 3 1

Iron Malathion 6 3 2 0
Total 26 12 13 6
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VI. Conclusion

This research explored the effect of malathion on experimental results retrieved from
TGA and FT-IR analysis. The research addressed two objectives: 1) Determine the effect of
malathion exposure on standard activation energy required for malathion to begin volatizing from
copper and iron piping, and 2) determine the volatile chemical effect of malathion on the elemental
composition of copper and iron gas evolution during thermogravimetric analysis.

Exposure to malathion solution created a visible silver coating on all copper samples and
graphite flake particles on iron specimens. Thermogravimetric mass loss curves revealed linear
decomposition stages associated with first order mass loss reactions. The TGA profiles also
showed that the copper and iron specimens were thermally stable, as expected. Visual
observations revealed metal oxide coatings on the surface of the specimens, before and after TGA
analysis. Copper specimens exposed to malathion were associated with E, values (2.28 kJ mol™
to 4.40 kJ mol™) that were lower than for iron specimens that were exposed only to deionized
water (10.42 kJ mol™ and 12.87 kJ mol™). Iron specimens exposed to malathion were associated
with E, values (1.54 kJ mol™ and 1.28 kJ mol™) than for iron specimens that were exposed only to
deionized water (3.30 kJ mol™ and 6.40 kJ mol™). These results satisfy research objective one
suggesting that malathion may be associative to lowering activation energies; however, further
experimental confirmation is required due in part to limited data. Metal-driven catalysis was a
proposed mechanism, which may explain the magnitude of the E; values. The FT-IR results
suggested that there was minimal malathion adsorption to either copper or iron. Additionally, the
FT-IR results appease objective two suggesting that hydrogen sulfide and possibly butenedioic
acid are gas evolution byproducts produced during TGA analysis of copper specimens exposed to

malathion.
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Thermogravimetry coupled with the Fourier transform infrared spectroscopy technique is
very useful. However there are instrumentation and sample limitations, which this research
showed with use of the technique on chemical to metal adherence. The research proposed a list of
chemicals (see Appendix G) that should be clarified in further research efforts with the use of
liquid isotherm experiments and chromatography. At this time, further research and
experimentation are required to determine if thermogravimetry is a viable method for EPA use in
its chemical detection efforts. With that said, there may be usefulness of the technique in
additional water contamination studies (see Future Work). Conclusively, this research, based on
the author’s knowledge and literature review, is the first to use thermogravimetry coupled with

spectroscopy to test malathion adherence to metal surfaces.
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VII. Future Work

The research study should focus on the following:
(1) The effect of biological films on TGA and FT-IR data.
(2) The application of corrosion engineering for water infrastructure modeling
(3) The application of TGA and GC-MS for identification of off-gas chemicals.
(4) The effect of other toxic chemicals on TGA and FT-IR results.

(5) The characterization of the silver metallic coat produced on copper specimens after TGA.
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Table Al. Coupon Sample Preparation for Copper (1) Exposed to Deionized Water and Malathion
for Experiment 1

Copper Sample Coupon #1

Date 10/06/2014 Date 10/16/2014
Pressure (mmHg) 738.0 Pressure (mmHg) 741.0
(Tgérllsgnijsr;blent 250 (ngsgnijsr;blent 250
Weight (grams) 0.7634 Weight (grams) 0.7634
Solution (type) Deionized H,0O Solution (type) Malathion in H,O
Solution volume (mL) 20.0 Solution volume (mL) 20.0

PH before 5.70 PH before 4.60

PH after N/A PH after 5.80
24hr Incubation:

Start Time 1156L, 10/6/2014 | Start Time 1015L, 10/16/2014
Finish Time 1030L, 10/7/2014 | Finish Time 0950L, 10/17/2014
4hr Desiccation:

Start Time 1030L, 10/7/2014 | Start Time 0955L, 10/17/2014
Finish Time 1450L, 10/7/2014 Finish Time 1400L, 10/17/2014
4hr TGA/FTIR:

Start Time 1500L, 10/7/2014 Start Time 1500L, 10/17/2014
Finish Time 2030L, 10/7/2014 Finish Time 2000L, 10/17/2014
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Table A2. Coupon Sample Preparation for Copper (2) Exposed to Deionized Water and Malathion
for Experiment 1

Copper Sample Coupon #2

Date 10/08/2014 Date 10/21/2014
Pressure (mmHg) 746.0 Pressure (mmHg) 745.0
'(I'g(rarrgjsr;lblent 950 '(I'C(:e(rar:fijsr;lblent 950
Weight (grams) 0.9458 Weight (grams) 0.9458
Solution (type) Deionized H,0O Solution (type) Malathion in H,O
Solution volume (mL) 20.0 Solution volume (mL) 10.0

PH before 5.50 PH before 5.80

PH after 5.80 PH after 6.04
24hr Incubation:

Start Time 0915L, 10/08/2014 | Start Time 1000L, 10/21/2014
Finish Time 0900L, 10/08/2014 | Finish Time 0940L, 10/22/2014
4hr Desiccation:

Start Time 0952L 10/09/2014 | Start Time 0940L, 10/22/2014
Finish Time 1400L 10/09/2014 | Finish Time 1340L, 10/22/2014
4hr TGA/FTIR:

Start Time 14151 10/09/2014 | Start Time 1600L, 10/22/2014
Finish Time 1900L 10/09/2014 | Finish Time 2200L, 10/22/2014
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Table A3. Coupon Sample Preparation for Copper (3) Exposed to Deionized Water and Malathion
for Experiment 1

Copper Sample Coupon #3

Date 10/22/2014 Date 10/28/2014
Pressure (mmHg) 751.0 Pressure (mmHg) 743.0
(Tct:a(rarllspijsr;blent 250 (Tg(;?gjsr;blent 250
Weight (grams) 0.9807 Weight (grams) 0.9807
Solution (type) Deionized H,0O Solution (type) Malathion in H,O
Solution volume (mL) 10.0 Solution volume (mL) 10.0

PH before 6.20 PH before 4.52

PH after 6.00 PH after 5.30
24hr Incubation:

Start Time 1000L, 10/22/2014 | Start Time 0950L, 10/28/2014
Finish Time 0920L, 10/23/2014 | Finish Time 0940L, 10/29/2014
4hr Desiccation:

Start Time 0930L, 10/23/2014 | Start Time 0940L, 10/29/2014
Finish Time 1430L, 10/23/2014 | Finish Time 1400L, 10/29/2014
4hr TGA/FTIR:

Start Time 1500L, 10/23/2014 | Start Time 1415L, 10/29/2014
Finish Time 2000L, 10/23/2014 | Finish Time 1915L, 10/29/2014
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Table A4. Coupon Sample Preparation for Copper (1) Exposed to Deionized Water and Malathion
for Experiment 2

Copper Sample Coupon #1

Date 11/03/2014 Date 11/09/2014
z:]erffH“g; o 750.0/47.0 Pressure (mmHg) 745.0/51.0
(ngl‘spl Sgbie”t 21.0/25.0 (ngl‘spl Sgbie”t 20.0/25.0
Weight (grams) 0.7634 Weight (grams) 0.7634
Solution (type) Deionized H,0O Solution (type) Malathion in H,O
Solution volume (mL) 10.0 Solution volume (mL) 5.00

PH before 6.38 PH before 3.12

PH after 5.94 PH after 5.32
24hr Incubation:

Start Time 0900L, 11/03/2014 | Start Time 0630L, 11/09/2014
Finish Time 0900L, 11/04/2014 | Finish Time 0630L, 11/09/2014
4hr Desiccation:

Start Time 0930L, 11/04/2014 | Start Time 0630L, 11/10/2014
Finish Time 1400L, 11/04/2014 | Finish Time 0930L, 11/10/2014
4hr TGA/FTIR:

Start Time 1500L, 11/04/2014 | Start Time 1000L, 11/10/2014
Finish Time 2000L, 11/04/2014 | Finish Time 1400L, 11/10/2014
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Table A5. Coupon Sample Preparation for Copper (2) Exposed to Deionized Water and Malathion
for Experiment 2

Copper Sample Coupon #2

Date 11/05/2014 Date 12/02/2014
Pressure (mmHQ) 749.0/59.0 Pressure (mmHQ) 752.0/44.0
(ngl‘spl Sgbie”t 21.0/25.0 (ngl‘spl Sgbie”t 20.0/25.0
Weight (grams) 0.9458 Weight (grams) 0.9458
Solution (type) Deionized H,0O Solution (type) Malathion in H,O
Solution volume (mL) 10.0 Solution volume (mL) 10.0

PH before 5.24 PH before 3.57

PH after 5.23 PH after 5.12
24hr Incubation:

Start Time 0900L, 11/05/2014 | Start Time 0630L, 11/22/2014
Finish Time 0630L, 11/06/2014 | Finish Time 0630L, 11/23/2014
4hr Desiccation:

Start Time 0630L, 11/06/2014 | Start Time 0830L, 12/02/2014
Finish Time 1000L, 11/06/2014 | Finish Time 1100L, 12/02/2014
4hr TGA/FTIR:

Start Time 1030L, 11/06/2014 | Start Time 1130L, 12/02/2014
Finish Time 1500L, 11/06/2014 | Finish Time 1400L, 12/02/2014
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Table A6. Coupon Sample Preparation for Copper (3) Exposed to Deionized Water and Malathion
for Experiment 2

Copper Sample Coupon #3
Date 11/07/2014 Date 12/02/2014
Pressure (mmHg) 748.0/53.0 Pressure (mmHQ) 753.0/47.0
(nggjgbie”t 20.0/25.0 (ngl‘fl Sgbie”t 20.0/25.0
Weight (grams) 0.9807 Weight (grams) 0.9807
Solution (type) Deionized H,0 Solution (type) Malathion in H,O
Solution volume (mL) 10.0 Solution volume (mL) 10.0
PH before 5.70 PH before 4.96
PH after 5.60 PH after 5.54
24hr Incubation:
Start Time 0900L, 11/07/2014 | Start Time 0830L, 12/02/2014
Finish Time 0600L, 11/08/2014 | Finish Time 0630L, 12/03/2014
4hr Desiccation:
Start Time 0600L, 11/08/2014 | Start Time 0630L, 12/03/2014
Finish Time 1000L, 11/08/2014 | Finish Time 0900L, 12/03/2014
4hr TGA/FTIR:
Start Time 1100L, 11/08/2014 | Start Time 0930L, 12/03/2014
Finish Time 1600L, 11/08/2014 | Finish Time 1430L, 12/03/2014
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Table A7. Coupon Sample Preparation for Iron (1) Exposed to Deionized Water and Malathion for

Experiment 1

Iron Sample Coupon #1

Date 10/07/2014 Date 10/20/2014
Pressure (mmHg) 741.0 Pressure (mmHg) 744.0
'(I'g(rarrgjsr;lblent 950 '(I'C(:e(rar:fijsr;lblent 950
Weight (grams) 0.6361 Weight (grams) 0.6361
Solution (type) Deionized H,0 Solution (type) Malathion in H,O
Solution volume (mL) 20.0 Solution volume (mL) 10.0
PH before 4.50 PH before 5.68
PH after 6.30 PH after 5.52
24hr Incubation:
Start Time 1156L, 10/07/2014 | Start Time 1215L, 10/20/2014
Finish Time 0915L, 10/08/2014 | Finish Time 1030L, 10/21/2014
4hr Desiccation:
Start Time 0915L, 10/08/2014 | Start Time 1040L, 10/21/2014
Finish Time 1315L, 10/08/2014 | Finish Time 1430L, 10/21/2014
4hr TGA/FTIR:
Start Time 1135L 10/08/2014 | Start Time 1530L, 10/21/2014
Finish Time 1800L 10/08/2014 | Finish Time 2030L, 10/21/2014
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Table A8. Coupon Sample Preparation for Iron (2) Exposed to Deionized Water and Malathion for
Experiment 1

Iron Sample Coupon #2

Date 10/13/2014 Date 10/17/2014
Pressure (mmHg) 746.0 Pressure (mmHg) 739.0
(ngr;spijsr;]blent 250 (ngsgnijsr;blent 250
Weight (grams) 0.8161 Weight (grams) 0.8161
Solution (type) Deionized H,0O Solution (type) Malathion in H,O
Solution volume (mL) 20.0 Solution volume (mL) 10.0
PH before 6.30 PH before 3.74
PH after 6.53 PH after 5.26
24hr Incubation:
Start Time 1020L, 10/13/2014 | Start Time 1030L, 10/17/2014
Finish Time 0855L, 10/16/2014 | Finish Time 1015L, 10/18/2014
4hr Desiccation:
Start Time 0855L, 10/16/2014 | Start Time 1010L, 10/18/2014
Finish Time 1512L, 10/16/2014 | Finish Time 1400L, 10/18/2014
4hr TGA/FTIR:
Start Time 1600L, 10/16/2014 | Start Time 1415L, 10/18/2014
Finish Time 2100L, 10/16/2014 | Finish Time 2000L, 10/18/2014
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Table A9. Coupon Sample Preparation for Iron (3) Exposed to Deionized Water and Malathion for

Experiment 1

Iron Sample Coupon #3

Date 10/27/2014 Date 10/29/2014
Pressure (mmHgQ) 745.0 Pressure (mmHg) 746.0
(ngr;spijsr;]blent 250 (ngsgnijsr;blent 250
Weight (grams) 0.9065 Weight (grams) 0.9065
Solution (type) Deionized H,0O Solution (type) Malathion in H,O
Solution volume (mL) 10.0 Solution volume (mL) 10.0
PH before 6.82 PH before 5.36
PH after 6.06 PH after 5.53
24hr Incubation:
Start Time 1000L, 10/27/2014 | Start Time 0944L, 10/29/2014
Finish Time 0950L, 10/28/2014 | Finish Time 0950L, 10/30/2014
4hr Desiccation:
Start Time 0950L, 10/28/2014 | Start Time 1000L, 10/30/2014
Finish Time 1400L, 10/28/2014 | Finish Time 1400L, 10/30/2014
4hr TGA/FTIR:
Start Time 1430L, 10/28/2014 | Start Time 1500L, 10/30/2014
Finish Time 1930L, 10/28/2014 | Finish Time 2000L, 10/30/2014
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Table A10. Coupon Sample Preparation for Iron (1) Exposed to Deionized Water and Malathion for
Experiment 2

Iron Sample Coupon #1
Date 11/04/2014 Date 11/10/2014
Pressure (mmHg) 749.0/49.5 Pressure (mmHg) 744.0/50.0
(nggjgbie”t 20.0/25.0 (nggjgbie”t 20.0/25.0
Weight (grams) 0.6361 Weight (grams) 0.6361
Solution (type) Deionized H,0O Solution (type) Malathion in H,O
Solution volume (mL) 10.0 Solution volume (mL) 5.00
PH before 5.58 PH before 3.22
PH after 5.67 PH after 5.23
24hr Incubation:
Start Time 1000L, 11/4/2014 Start Time 0600L, 11/10/2014
Finish Time 1000L, 11/5/2014 Finish Time 0600L, 11/11/2014
4hr Desiccation:
Start Time 1000L, 11/5/2014 Start Time 0600L, 11/11/2014
Finish Time 1300L, 11/5/2014 Finish Time 1000L, 11/11/2014
4hr TGA/FTIR:
Start Time 1340L, 11/5/2014 Start Time 1030L, 11/11/2014
Finish Time 1900L, 11/5/2014 Finish Time 1500L, 11/11/2014
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Table A11. Coupon Sample Preparation for Iron (2) Exposed to Deionized Water and Malathion for
Experiment 2

Iron Sample Coupon #2
Date 11/06/2014 Date 12/03/2014
Pressure (mmHg) 744.0/62.0 Pressure (mmHg) 752.0/50.0
(ngl’spijsr;‘bie”t 20.0/25.0 (ngl’spijsr;‘bie”t 20.0/25.0
Weight (grams) 0.8161 Weight (grams) 0.8161
Solution (type) Deionized H,0O Solution (type) Malathion in H,O
Solution volume (mL) 10.0 Solution volume (mL) 10.0
PH before 5.15 PH before 4.60
PH after 5.15 PH after 5.50
24hr Incubation:
Start Time 0630L, 11/06/2014 | Start Time 0640L, 12/03/2014
Finish Time 0600L, 11/07/2014 | Finish Time 0700L, 12/04/2014
4hr Desiccation:

Start Time 0600L, 11/07/2014 | Start Time 0730L, 12/04/2014
Finish Time 1000L, 11/07/2014 | Finish Time 1030L, 12/04/2014
4hr TGA/FTIR:

Start Time 1030L, 11/07/2014 | Start Time 1100L, 12/04/2014
Finish Time 1500L, 11/07/2014 | Finish Time 1500L, 12/04/2014
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Table A12. Coupon Sample Preparation for Iron (3) Exposed to Deionized Water and Malathion

for Experiment 2

Iron Sample Coupon #3

Date 11/08/2014 Date 12/04/2014
Pressure (mmHg) 749.0/50.0 Pressure (mmHg) 753.0/49.0
(Tg(:';spijsr;‘bie”t 21.0/25.0 (Tg(:';spijsr;‘bie”t 20.0/25.0
Weight (grams) 0.9065 Weight (grams) 0.9065
Solution (type) Deionized H,0O Solution (type) Malathion in H,O
Solution volume (mL) 10.0 Solution volume (mL) 10.0
PH before 5.03 PH before 541
PH after 5.56 PH after N/A
24hr Incubation:
Start Time 0600L, 11/08/2014 | Start Time N/A
Finish Time 0630L, 11/09/2014 | Finish Time N/A
4hr Desiccation:
Start Time 0630L, 11/09/2014 | Start Time N/A
Finish Time 1000L, 11/09/2014 | Finish Time N/A
4hr TGA/FTIR:
Start Time 1030L, 11/09/2014 | Start Time N/A
Finish Time 1500L, 11/09/2014 | Finish Time N/A
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Appendix B. TGA and FT-IR System of Operations
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Figure B1. TGA and FT-IR System of Operations for Experimentation Procedure
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Appendix C. Integration Steps of the Arrhenius-Based Reaction Model
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Appendix D. Raw TGA Mass Loss Profile for Copper and Iron

Graph Features and Units
Temperature Gradient = 2 K min™
Max Temperature = 773 K
Time = 0-270 min

Mass Fraction = unitless

List of Figures

D1. Copper (1) [5 Sep 14] Exposed to Malathion, Mass Loss Profile Displaying
Consistent Mass Loss

D2. Copper (1) [15 Aug 14] Exposed to Malathion Mass Loss Profile Displaying
Consistent Mass Loss

D3. Copper (1) [Aug 14] Exposed to Malathion Mass Loss Profile Displaying
Consistent Mass Loss

D4. Copper (2) [6 Nov 14] Exposed to Deionized Water Mass Loss Profile Displaying
Mass Gain and Loss

D5. Copper (3) [29 Oct 14] Exposed to Malathion Mass Loss Profile Displaying
Mass Gain and Loss

D6. Iron (1) [11 Nov 14] Exposed to Malathion Mass Loss Profile Displaying Mass
Gain and Loss

D7. Iron (3) [9 Nov 14] Exposed to Deionized Water Mass Loss Profile Displaying
Consistent Mass Loss

D8. Iron (3) [30 Oct 14] Exposed to Malathion Mass Loss Profile Displaying
Consistent Mass Loss

D9. Iron (3) [28 Oct 14] Exposed to Deionized Water Mass Loss Profile Displaying
Mass Gain and Loss
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Figure D1. Copper (1) [5 Sep 14] Exposed to Malathion, Mass Loss Profile Displaying Consistent Mass Loss
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Figure D2. Copper (1) [15 Aug 14] Exposed to Malathion Mass Loss Profile Displaying Consistent Mass Loss
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Figure D3. Copper (1) [Aug 14] Exposed to Malathion Mass Loss Profile Displaying Consistent Mass Loss
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Figure D4. Copper (2) [6 Nov 14] Exposed to Deionized Water Mass Loss Profile Displaying Mass Gain and Loss
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Figure D5. Copper (3) [29 Oct 14] Exposed to Malathion Mass Loss Profile Displaying Mass Gain and Loss
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Figure D6. Iron (1) [11 Nov 14] Exposed to Malathion Mass Loss Profile Displaying Mass Gain and Loss
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Figure D7. Iron (3) [9 Nov 14] Exposed to Deionized Water Mass Loss Profile Displaying Consistent Mass Loss

100




AFIT-ENV-MS-15-M-164

Temperature (K)

— - 1.00000
758 1

743 - - 0.99995
728 -

713 A - 0.99990
698 -

683 - 0.99985
668 -

653 - - 0.99980
638 1 A - - -Temp —— Mass Fraction

623 & . . . . . . . 0.99975

185 195 205 215 225 235 245 255

Time (minutes)

Mass Fraction (unitless)

Figure D8. Iron (3) [30 Oct 14] Exposed to Malathion Mass Loss Profile Displaying Consistent Mass Loss
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Figure D9. Iron (3) [28 Oct 14] Exposed to Deionized Water Mass Loss Profile Displaying Mass Gain and Loss
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Appendix E. Arrhenius Plots for Copper and Iron
Graph Features and Units
Natural Log of Mass Loss Function (In[-In(1-X)]) = unitless
Inverse Temperature (1/T) = K™
Activation Energy (E,) = kJ mol™

Coefficient of Determination (R?) = unitless

List of Figures

E1. Copper (1) [5 Sep 14] Exposed to Malathion Arrhenius Plot, the Straight Line Indicates
Mass Loss is Consistent with First-Order

E2. Copper (1) [15 Aug 14] Exposed to Malathion Arrhenius Plot, the Straight Line Indicates
Mass Loss is Consistent with First-Order

E3. Copper (1) [Aug 14] Exposed to Malathion, Arrhenius Plot, the Straight Line Indicates Mass
Loss is Consistent with First-Order

E4. Copper (2) [6 Nov 14] Exposed to Deionized Water Arrhenius Plot, the Curved Line
Indicates Mass Loss is Inconsistent with First-Order

ES5. Copper (3) [29 Oct 14] Exposed to Malathion Arrhenius Plot, the Curved Line Indicates
Mass Loss is Inconsistent with First-Order

E6. Iron (1) [11 Nov 14] Exposed to Malathion, Arrhenius Plot, the Curved and Erratic Line
Indicates Mass Loss is Inconsistent with First-Order

E7. Iron (3) [9 Nov 14] Exposed to Water Arrhenius Plot, the Straight Line Indicates Mass Loss
is Consistent with First-Order

E8. Iron (3) [30 Oct 14] Exposed to Malathion Arrhenius Plot, the Curved Line Indicates Mass
Loss is Inconsistent with First-Order

E9. Iron (3) [28 Oct 14] Exposed to Deionized Water Arrhenius Plot, the Curved Line Indicates
Mass Loss is Inconsistent with First-Order
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Figure E1. Copper (1) [5 Sep 14] Exposed to Malathion Arrhenius Plot, the Straight Line Indicates Mass Loss is
Consistent with First-Order
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Figure E2. Copper (1) [15 Aug 14] Exposed to Malathion Arrhenius Plot, the Straight Line Indicates Mass Loss is

Consistent with First-Order
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Figure E3. Copper (1) [Aug 14] Exposed to Malathion, Arrhenius Plot, the Straight Line Indicates Mass Loss is
Consistent with First-Order
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Figure E4. Copper (2) [6 Nov 14] Exposed to Deionized Water Arrhenius Plot, the Curved Line Indicates Mass Loss is
Inconsistent with First-Order
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Figure E5. Copper (3) [29 Oct 14] Exposed to Malathion Arrhenius Plot, the Curved Line Indicates Mass Loss is
Inconsistent with First-Order

108



AFIT-ENV-MS-15-M-164

2.60
%\ Feature Value
E 2.50 - R2 0.5898
<= Slope (K) 154.4
= ) 40 R (kJ mol-K™) | 8.314 x 10°
L% ' E. (kJ mol™®) 1.285
[72]
3
-
% 2.30 A
>
kS
S
S 220 A
[
>
IS
< 2.10 A

2.00 T T T T T T

0.0012 0.0014 0.0016 0.0018 0.0020 0.0022 0.0024

Inverse Temperature (K1)

Figure E6. Fe (1) [11 Nov 14] Exposed to Malathion, Arrhenius Plot, the Curved and Erratic Line Indicates Mass L0sS is
Inconsistent with First-Order
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Figure E7. Iron (3) [9 Nov 14] Exposed to Water Arrhenius Plot, the Straight Line Indicates Mass Loss is
Consistent with First-Order
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Figure E8. Iron (3) [30 Oct 14] Exposed to Malathion Arrhenius Plot, the Curved Line Indicates Mass Loss is
Inconsistent with First-Order
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Figure E9. Iron (3) [28 Oct 14] Exposed to Deionized Water Arrhenius Plot, the Curved Line Indicates Mass Loss is
Inconsistent with First-Order
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Appendix F. FT-IR Spectrums for Copper and Iron
Spectral Features and Units
Absorbance = unitless

Wave numbers = cm™

List of Figures

F1. Copper (2) [22 Oct 14] Exposed to Malathion FT-IR Spectrum at 8.221 min, 3400 cm™ to
1100 cm™, MCT Detector, Smoothing

F2. Copper (2) [22 Oct 14] Exposed to Malathion FT-IR Spectrum at 12.56 min, 4000 cm™ to
500 cm™, MCT Detector, no Smoothing

F3. Copper (2) [22 Oct 14] Exposed to Malathion FT-IR Spectrum at 71.83 min, 3400 cm™ to
1000 cm™, MCT Detector, Smoothing

F4. Copper (2) [22 Oct 14] Exposed to Malathion FT-IR Spectrum at 97.95 min, 3500 cm™ to
1400 cm™, MCT Detector is Warm, no Smoothing

F5. Iron (2) [16 Oct 14] Exposed to Deionized Water, FT-IR Spectrum at 300.2 min, 4000cm™ to
500 cm™, MCT Detector Warming, no Smoothing

F6. Iron (2) [7 Nov 14] Exposed to Deionized Water, FT-IR Spectrum at 3.286 min, 4000 cm™ to
500 cm™, DTGS-KBr Detector, no Smoothing
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Figure F1. Copper (2) [22 Oct 14] Exposed to Malathion FT-IR Spectrum at 8.221 min, 3400 cm™ to 1100 cm™, MCT Detector,
Smoothing
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Figure F2. Copper (2) [22 Oct 14] Exposed to Malathion FT-IR Spectrum at 12.56 min, 4000 cm™ to 500 cm™, MCT Detector,
no Smoothing
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Figure F3. Copper (2) [22 Oct 14] Exposed to Malathion FT-IR Spectrum at 71.83 min, 3400 cm™ to 1000 cm™, MCT Detector,
Smoothing
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Figure F4. Copper (2) [22 Oct 14] Exposed to Malathion FT-IR Spectrum at 97.95 min, 3500 cm™ to 1400 cm™, MCT Detector is
Warm, no Smoothing
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Figure F5. Iron (2) [16 Oct 14] Exposed to Deionized Water, FT-IR Spectrum at 300.2 min, 4000cm™ to 500 cm™, MCT Detector
Warming, no Smoothing
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Figure F6. Iron (2) [7 Nov 14] Exposed to Deionized Water, FT-IR Spectrum at 3.286 min, 4000 cm™ to 500 cm™, DTGS-KBr Detector,
no Smoothing
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Appendix G. FT-IR Chemicals of Interest

Table G1. Table of Chemicals of Interest for FT-IR

Il—grﬁ Match Compound Name Chemical Formula Mv(z;:?gur:?r
77.46 Alpha-Terpineol Ci1oH180 154.2
1 94.77 Collidine CgHu1N 121.2
77.46 | Methacrylic Acid, Butyl Ester C4Hg0? 86.09
50.00 4-Vinyl-1-Cyclohexene CgHy 110.2
40.65 Cyclododecene CioH2 166.3
) 54.86 Cyclohexane CeH12 84.16
42.67 Hydrogen Sulfide H,S 34.08
42.97 Phenanthrene Cu4H1o 178.2
50.00 Thiazolidine C3H/NS 89.16
60.96 4-Vinyl-1-Cyclohexene CgHy 110.2
3 63.96 Benzyl Alcohol C7/HgO 108.1
58.54 Quinoline CoH/N 129.2
69.63 Trans-Piperylene CsHg 68.12
47.98 2-Propanol, Isopropyl Alcohol C3HgO 60.10
4 55.40 Butanediol C4H100, 90.12
53.11 Dioxane C4HgO, 88.11
44.68 Butanediol C4H100, 90.12
5 43.72 Cyclohexane CeH12 84.16
57.47 Ethylidene Cyclohexane CgHg 110.2
41.28 4-Vinyl-1-Cyclohexene CgHy 110.2
49.59 Alpha-Terpineol C10H180 154.3
6 58.71 Ethylene Glycol, Ethanediol C2oHs0, 62.07
56.83 Trans-Piperylene CsHg 68.12
44.95 Bromo Cyclohexane CeH11Br 163.1
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